We present a model of the thermopower in a mesoscopic tunnel junction between two ferromagnetic metals based upon magnon-assisted tunneling processes. In our model, the thermopower is generated in the course of thermal equilibration between two baths of magnons, mediated by electrons. We predict a particularly large thermopower effect in the case of a junction between two half-metallic ferromagnets with antiparallel polarizations, S AP ϳϪ(k B /e), in contrast to S P Ϸ0 for a parallel configuration.
Spin valve systems and magnetic multilayers displaying giant magnetoresistance effects also exhibit substantial magnetothermopower [1] [2] [3] [4] [5] [6] with a strong temperature dependence. In metals, the thermopower S is related to the conductivity of electrons taken at a certain energy, ͑⑀͒, by the Mott formula, 7 SϭϪ( 2 k B 2 T/3e)(‫ץ‬ ln ‫)⑀ץ/)⑀(‬ ⑀ F , so that it typically contains a small parameter such as k B T/⑀ F . Theories of transport in magnetic multilayers with highly transparent interfaces based upon the use of the Mott formula have explained the difference between thermopower in the parallel ͑P͒ and antiparallel ͑AP͒ configuration of ferromagnetic layers as due to either the difference in the energy dependence of the density of states for majority and minority spin bands in ferromagnetic layers, 8, 9 or a different efficiency of electron-magnon scattering for carriers in opposite spin states. 3 In particular, the electron-magnon interaction in a ferromagnetic layer was incorporated to explain the observation 3 of a strong temperature dependence of S(T) and gave, theoretically, a much larger thermopower in the parallel configuration of multilayers with highly transparent interfaces than in the antiparallel one, S P ӷS AP . In this letter, we investigate a model of the electronmagnon interaction assisted thermopower in a mesoscopicsized ferromagnet/insulator/ferromagnet tunnel junction, which yields a different prediction. In the model we study next, the bottleneck of both charge and heat transport lies in a small-area tunnel contact between ferromagnetic metals held at different temperatures, TϮ⌬T/2. The thermopower is generated in the course of thermal equilibration between two baths of magnons, mediated by electrons. We find that the magnetothermopower effect is most pronounced in the case of half-metallic ferromagnets, where the exchange spin splitting ⌬ between the majority and minority conduction bands is greater than the Fermi energy ⑀ F measured from the bottom of the majority band, and the Fermi density of states in the minority band is zero. In a highly resistive AP configuration of such a junction, where the emission/absorption of a magnon would lift the spin blockade of electronic transfer between ferromagnetic metals, we predict a large thermopower effect, whereas in the lower-resistance parallel configuration, thermopower appears to be relatively weak:
We also found that for a junction between two conventional ferromagnetic metals, the ability of electronic transfer assisted by magnon emission/absorption to create thermopower depends on the difference between the size of majority/ minority band Fermi surfaces and it is reduced by a temperature dependent factor g(T)ϳ(k B T/ D ) 3/2 . The latter reflects the fractional change in the net magnetization of the reservoirs due to thermal magnons ͑Bloch's T 3/2 law͒. The value of the numerical prefactor in Eq. ͑1͒ is specific for threedimensional bulk magnons with isotropic dispersion. Below, we consider a tunnel junction of two halfmetallic ferromagnets and obtain an expression for the current I(V,⌬T) between bulk ferromagnetic reservoirs, as a function of bias voltage, V, and of the temperature drop, ⌬T. Then, we determine the thermopower coefficient SϭϪV/⌬T by satisfying the relation I(V,⌬T)ϭ0. The expression for the current was derived using the balance equation, which takes into account competing elastic and inelastic electron transfer processes across the tunnel junction. Finally, we quote the result of the generalization of such an analysis to conventional ferromagnetic metals.
We consider, first, the AP configuration of ferromagnetic electrodes, with spin ↑ majority electrons on the left-hand side of the junction and spin ↓ on the right-hand side. For such an alignment, elastic tunneling of carriers between electrodes is blocked by the absence of available states for a spin-polarized electron on the other side of an insulating barrier, whereas electron transfer may happen via tunneling processes assisted by a simultaneous emission/absorption of a magnon. The Hamiltonian of the ferromagnet H can be written in terms of Fermi ͕c † ,c͖ and magnon ͕b † b͖ creation and annihilation operators as 10, 12, 13 Hϭ and ⑀ k↑ ϭ⑀ k Ϫ⌬/2, ⑀ k↓ ϭ⑀ k ϩ⌬/2 takes into account exchange splitting of the conduction band. Here, N is the number of localized moments in a ferromagnet and is the spin per unit magnetic cell. We assume a quadratic magnon dispersion, q ϭDq 2 ϩ 0 , Dϳ⌬, and 0 Ͻk B TӶ D , where D ϭD(6 2 /v) 2/3 is the Debye magnon energy, v is the volume of a unit cell, and 0 is the magnon anisotropy gap. Since tails of wave functions of majority-spin ͑↑͒ electrons close to the Fermi level on the left-hand side penetrate into the forbidden region on the right-hand side, an electron on one side of the junction acquires a weak coupling with core magnetic moments ͑and, therefore, magnons͒ on the other side. A characteristic event can be viewed as a two-step quantum process. First, an electron tunnels into a virtual intermediate high-energy state in the minority band. Then, it incorporates itself into the majority band by flipping spin in a magnon-emission process. Following the tunneling Hamiltonian approach, 11 the amplitude for a spin-↑ electron with wave number k on the left-hand side to finish in a state (↓,kЈ) on the right-hand side after emitting a spin wave with wavenumber q can be estimated using second-order perturbation theory with respect to the electron-magnon interaction and the tunneling matrix element t k,k Ј ϩq :
For k B T, eVӶ⌬, when both initial and final electron states should be taken close to the Fermi level, only long wavelength magnons can be emitted, so that the energy deficit in the virtual states can be approximated as ⌬ϩ⑀ k Ј ϩq Ϫ⑀ k Ϸ⌬. As noticed in Refs. 10, 12, and 13, this cancels out the large exchange parameter since the same electron-core spin exchange constant appears both in the splitting between minority and majority bands and in the electron-magnon coupling.
To complete the balance equation describing electron transfer between half-metallic electrodes, one has to take into account four magnon-assisted tunneling processes depicted in Fig. 1 . Next, we describe them in detail assuming that the tunnel barrier is flat, so that the parallel component of the electron momentum conserves upon tunneling. Two of these processes, ͑a͒ and ͑b͒, involve the interaction of electrons with a thermal bath of magnons on the right-hand side of the junction and are responsible for transferring electrons in opposite directions. The process ͑a͒ begins with a ↑ electron on the left-hand side with wavevector k L ϭ(k L ʈ ,k L z ) ͓with occupation number n L (k L )], which tunnels through the barrier into an intermediate virtual ↑ state on the right-hand side ͓k R ϭ(k L ʈ ,k R z )͔. Then, this electron flips spin by emitting a magnon with wavevector q ͓this process is stimulated by the occupancy factor of thermal magnon excitations 1ϩN R (q)], and, thus, incorporates itself into the majority spin band on the right-hand side, provided the final ↓ state (kЈϭk R Ϫq) is not occupied ͓which has probability 1Ϫn R (k R Ϫq)]. The process ͑b͒ is the reverse to the process ͑a͒. It begins with a ↓ electron on the right-hand side with wavevector kЈϭk R Ϫq, that absorbs a magnon, flips its spin, and moves into a virtual minority-spin state on the right-hand side. Then, it tunnels into an empty final state in the majority-spin band in the left-hand side reservoir. The balance between these two processes contributes to the total current as
, and T L/R ϭT Ϯ⌬T/2. Note that magnons on either side of the junction have their spin projection opposite to the local magnetization, which limits the number of magnon-assisted processes. Two other processes shown in Figs. 1͑c͒ and 1͑d͒ involve emission/absorption of magnons on the left-hand side of the junction. Their contribution to the total current is
͑5͒
After combining them into an expression for the total current IϭI ab ϩI cd , and, then, performing summation over wave numbers and integration over initial electron energies, we arrived at the following expression
where aϭ3⌫(3/2)(3/2), bϭ(5/2)⌫(5/2)(5/2), ⌫(x) is the gamma function, and (x) is Riemann's zeta function. All properties of the interface are incorporated into a single parameter G P ͑as expressed explicitly in Ref. 14͒ which coincides with the linear conductance of the same mesoscopic junction in the P configuration. Although the conductance due to magnon-assisted processes in the AP configuration G AP is not suppressed by a large energy denominator, Eq. ͑3͒, it is small as compared to G P , FIG. 1 . Schematic of magnon-assisted tunneling across a junction with halfmetallic electrodes in the AP configuration. Four processes which, to lowest order in the electron-magnon interaction, contribute to magnon-assisted tunneling. ͑a͒ and ͑c͒ involve magnon emission on the right-and left-hand sides, respectively, whereas ͑b͒ and ͑d͒ involve magnon absorption on the right-and left-hand side.
͑7͒
The thermopower coefficient SϭϪV/⌬T can be found by setting the total current in Eq. ͑6͒ to zero and determining the voltage created by the temperature difference. As a result, the tunneling conductance G P cancels from the final answer, and, in the AP configuration, S AP ϷϪ0.64k B /e. In contrast to the AP configuration, magnon-assisted tunneling cannot contribute to the electron transfer between two electrodes in the P configuration, since both initial and final electron states should have the same spin polarization in order to belong to the majority bands in both of the reservoirs. As a result, the linear conductance of such a junction is formed without the involvement of magnon-assisted processes, and the thermopower may only appear due to the energy-dependent electron tunneling density of states, having the order of magnitude of S P ϳ(k B /e)(k B T/⑀ F ).
A generalization to conventional ferromagnetic metals of the proposed theory of the magnon-assisted ͑ma͒ tunneling contribution to the thermopower yields
where ⌸ Ϯ is the area of the maximal cross section of the Fermi surface of majority/minority electrons in the plane parallel to the interface (⌸ ϩ Ͼ⌸ Ϫ ), is the spin of localized moments, and D is the magnon bandwidth. The function g(T)ϳ(k B T/ D ) 3/2 is proportional to the fractional change in the net magnetization due to thermal magnons ͑Bloch's T 3/2 law͒ and the function is written for both a flat, clean interface ͑''flat''͒ and a diffusive tunnel barrier ͑''diffusive''͒. This result was obtained after some amendments to the aforementioned analysis were made. First, the linear conductance in the AP configuration is not suppressed because an elastic tunneling channel is opened between the majority band on one side and the minority band on the other, which reduces the thermopower. Secondly, for the AP configuration, in addition to the magnon-assisted tunneling processes that enable transitions from majority initial to majority final states via an intermediate minority state ͑as described already for the half-metallic case and shown in Fig. 1͒ , one should take into account the possibility of magnon-assisted tunneling processes that enable transitions from minority initial to minority final states via an intermediate majority state, as in the related problem of Andreev reflection from a ferromagnetic metal. 13 A transition via a majority ͑minority͒ intermediate state results in the transfer of electrons in the same ͑opposite͒ direction as the net polarization transfer between two baths of magnons so that the additional processes partially compensate the thermally excited currents. A strong polarization dependence of the thermopower, S AP ϪS P ӷS P , enables one to separate the interface contribution to the thermopower from effects arising from a finite temperature gradient in the reservoirs. Furthermore, the predicted interface magnetothermopower will be most pronounced in a geometry where the bottleneck for electron transport is also the bottleneck for thermal transport: In a small-area mesoscopic junction, ideally, in a suspended scanning tunneling microscope-type geometry.
